We present computer simulations of liquid and solid phases of condensed methane at pressures below 25 GPa, between 150 and 300 K, where no appreciable molecular dissociation occurs. We used molecular dynamics (MD) and metadynamics techniques, and empirical potentials in the rigid molecule approximation, whose validity was confirmed a posteriori by carrying out ab initio MD simulations for selected pressure and temperature conditions. Our results for the melting line are in satisfactory agreement with existing measurements. We find that the fcc crystal transforms into a hcp structure with 4 molecules per unit cell (B phase) at about 10 GPa and 150 K, and that the B phase transforms into a monoclinic high pressure phase above 20 GPa. Our results for solid/solid phase transitions are consistent with those of Raman studies but the phase boundaries estimated in our calculations are at higher pressure than those inferred from spectroscopic data.
III. CALCULATION OF METHANE MELTING LINE
Hysteresis effects near a solid liquid transition hamper an accurate estimate of melting temperatures from heat-until-melt MD runs. We carried out the calculation of the methane melting line by adopting two complementary techniques. One is based on the direct simulation of coexisting liquid and solid phases at given thermodynamic conditions, and we call it two-phase coexistence method 20 . The second approach consists of calculating the free energies of the solid and the liquid, and in obtaining the temperature of coexistence of the two phases by determining when their free energies are equal. Once a point on the coexistence line is known, it is then possible to find the whole coexistence curve by integrating the Clapeyron equation 26 , i.e. by varying the pressure and temperature in such a way as to maintain equal the chemical potentials of the liquid and the solid: µ l = µ s .
The two-phase simulations were performed using periodic boundary conditions, with supercells containing 3456 molecules, half of them prepared in the solid fcc phase and half of them prepared in the liquid phase, at pressures of 0.01, 0.5 and 1. GPa. The liquid and solid phases were initially equilibrated separately in NPT ensemble runs (constant number of particles, pressure and temperature) with fixed cell shape and then the two systems were merged together in a single supercell with a solid-liquid interface (we call the direction perpendicular to the interface z axis ).
We performed MD simulations of the coupled solid/liquid systems in the NPH ensemble (constant number of particles, pressure and enthalpy). During the simulation the pressure is applied isotropically while the cell angles cannot deform. If the initial pressure and temperature are sufficiently close to the conditions at which the solid and the liquid coexist, the temperature equilibrates to the value on the coexistence line, e.g. to the melting temperature, otherwise one phase prevails over the other. This approach differs from the one used in ref 21, 27 , where coexisting phases are simulated in the NPT ensemble at different values of (P,T), and for each run one determines the phase that is most stable under those conditions. When carrying out simulations in the NPH ensemble, if a reasonable choice of the initial P − T conditions can be made, a single MD run suffices to determine the melting temperature. However, MD cells much longer than those adopted in NPT simulations are usually required. As an example, we report a plot of the temperature and enthalpy at 0.01 GPa in Fig. 1 . In order to estimate finite size effects on our results, we carried out simulations with different cell sizes. The size of the simulated system may affect the values of the computed melting temperature in two ways: by the extension of the solid-liquid interface and, perhaps most importantly, by the size of the system in the direction orthogonal to the interface (the z direction in our case). During the equilibration process in the NPH ensemble, solidification of the part of the system originally prepared as a liquid, and melting of the part originally prepared as a solid may occur, until a solid-liquid interface is stabilized. One of the two phases may take over, if the system size in the z direction is not large enough, making it impossible to stabilize a two-phase system. In table I we summarize the simulation results obtained with different supercell sizes. In our calculations, we first fixed the length of the cell in the direction orthogonal to the interface, and verified that changes in the extension of the solid-liquid interface does not substantially affect the computed value of the melting temperature: simulations performed with the three supercells 6×6×24, 5×5×24, 4×4×24
give the same melting temperature with an error of less than 1 K. As expected, size effects along the z direction are more dramatic. We considered the same geometry along the interface as indicated above (e.g. 6 × 6 and 5 × 5 ) and we halved the length along the z direction (1726 molecules with 6 × 6 × 12 supercell and 1200 molecules with 5 × 5 × 12 supercell ): in this case the system completely transforms into one phase and no phase coexistence can be reached. As a validation of the results obtained with the two-phase method, we also computed the solid-liquid boundary by a direct calculation of free energies. Using thermodynamic integration 19 , we can compute the Gibbs free energy difference (G) of a system with Hamiltonians H I , and that of a reference system with Hamiltonian H II , for which the melting curve is known by:
The ensemble average in the integrand of Eq. (1) is evaluated by performing MD simulations in the constant pressure and constant temperature (NPT) ensemble, for a system with
As a reference for our thermodynamic integration we chose a Lennard-Jones system (ε LJ = 0.010323577 eV and σ LJ = 3.405), which has the same equilibrium crystalline phase as methane, and for which the melting curve was accurately determined in previous calculations 28 . Free energy differences ∆G were computed for the coexistence conditions of the reference system, both for the crystalline and the liquid phase. In particular we performed NPT runs of about 50 ps, for supercells containing 108 CH 4 molecules, and we considered 20 values of λ for each phase.
Size effects were tested by repeating simulations for a system containing 500 CH 4 molecules; the results for the melting temperature differed from those obtained with 108 molecules by less than 1%. Once two ∆G values were obtained, we performed simulations for each phase, using the reversible scaling method 29, 30 to determine the coexistence temperature, at a given pressure.
This procedure has been applied to find the melting temperature at P=0, and P=0.5
Gpa, yielding T c =113 and 243 K, respectively, in excellent agreement with phase-coexistence calculations (see Fig. 2 ).
We can now use one of the points on the melting line calculated with the previous methods, as the initial condition for integrating the Clapeyron equation. We start from the Gibbs-Duhem equation,
where β = 1/kT , h and v are the molar enthalpy and volume respectively, P the pressure
We then write the Clapeyron condition µ s = µ l as a first-order ordinary differential equation
where ∆h = h l −h s is the difference in molar enthalpies between the coexisting phases, while ∆v = v l − v s is the difference in volume; the derivative is evaluated along the coexistence line σ.
We solved Eq. (3) using a predictor-corrector formula; simultaneously performing two NPT simulations for the liquid and the solid and then evaluating ∆h = h l − h s and ∆v = v l −v s . We verified possible size effect using two different supercells of 108 and 500 molecules . First we checked that the solution of Eq. 3 is independent on the initial conditions, i.e. the choice of different points on the melting line as initial states does not affect the results obtained for the melting line. We also verified possible size effect using two different supercells of 108 and 500. For temperature T < 350 K size effects observed when solving Eq.
(3) are less than 1% and the supercells with 108 and 500 molecules give the same results.
For T > 350 the error on the melting temperature is about 5%, when using 108 molecules.
All the results obtained for the methane melting line are summarized in (open circles and open squares respectively). We did not include the points calculated with free energy integration, because they superimpose to the ones given by the phase coexistence method.
description of methane-methane interactions at moderate pressures. We use the same force filed in the next section to investigate solid-solid phase transitions.
IV. SOLID-SOLID PHASE TRANSITION IN METHANE AT MODERATE PRES-SURES
In order to predict the crystal structure of the higher pressure crystalline phase of methane, we used the metadynamics technique. Metadynamics 16 is a method for exploring free energy surfaces as a function of selected collective coordinates, e.g. simulation cell edges 17, 18, 31 . This approach has been applied successfully to several systems including, the crystal structure prediction of organic molecules 32, 33 . Our simulations were performed with supercells of 108 and 168 molecules.
We first considered the compression of a fcc crystal (108 molecules) at 10 GPa, and 150
K and 300 K. For both temperatures a transition to a hcp structure with four molecule per unit cell was observed, in which the molecules freely rotate in their final configuration. We did not find any evidence of intermediate stable configurations, nor we observed sizable jumps in the volume or in enthalpy of the system during the transition. As discussed in 31, 34 , the analysis of the eigenvectors and eigenvalues of the Hessian matrix (see table (II) allows for a detailed description of the dominant crystal deformations occurring during the fcc-hcp transition.
The projection of the eigenvectors of the Hessian matrix on the six independent components of the cell edge matrix h (arranged in a six-component vector (h 11 , h 22 , h 33 , h 12 , h 13 , h 23 )), are related to the elastic modes of the initial crystalline phase and the eigenvalues are related to the elastic moduli, i.e. the curvature of the free energy along the corresponding eigenvectors. For example, the largest eigenvalue corresponds to the eigenvector s 6 in Tab.( II) that points along the (111000) direction, and this is associated to a hydrostatic volume contraction/expansion. In this case s 1 and s 2 are two equivalent orthorhombic deformations, which involve a compression/dilatation along pair of axes, while s 3 , s 4 and s 5 are shear modes involving changes of the off-diagonal components of the Hessian matrix. In Fig.(4) we report the evolution of the different modes during a metadynamics simulation: the only inactive mode is S 3 , confirming that a complex, concerted rearrangement of the atoms take place during the fcc-hcp transition.
Metadynamics simulations were performed also at 5 GPa and 8 GPa, but no additional stable crystal structures were found. Based on a possible similarity between CH 4 and CF 4 , Hirai et al. 6 suggested that a phase A exists, with a cubic structure with 21 molecule per cell, similar to a structure found for carbon fluoride. In order to test this hypothesis, we performed a metadynamics simulation at 8 GPa and 300 K with 168 molecules/supercell, that is commensurate with 21 molecules per unit cell. In this case we observed a transition to a defective hcp structure and no stable structure corresponding to that of CF 4 .
In order to explore the validity of the rigid molecule approximation used here, we performed BOMD simulations to test a posteriori our approximation. In particular, we carried out BOMD simulations starting from a hcp phase at 10 GPa and 20 GPa. After a short simulation of ∼1 ps, at both pressure we did not observe any significant distortions in the shape of the charge densities localized on the molecules, and each CH 4 does behave as a rigid body. In Fig. (5) we report the distribution of the intra-molecular angle between C-H bond.
The angle distribution has the same profile both at 10 GPa and 20 GPa and is centered around the fixed value θ = 1.9102 rad used in our classical MD simulations.
Starting from the hcp structure, we performed a series of constant pressure Parinello- hcp structure with freely rotating molecules is stable up to 20GP a, when deformation of one of the cell angle occurs (Fig.(6) ) The hcp cell with four molecules per unit cell transforms into a monoclinic structure (P21/c) with four molecule per unit cell. At 20GPa the molecules stop rotating and a denser crystal structure is stabilized. The "freezing" of the hydrogen atoms is accompanied by a deformation of one of the cell angles as clearly shown in Fig.(6) , Further work is in progress to study the methane phase diagram in a regime where molecules dissociate, using first principle techniques.
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